Introduction
From a viewpoint of an environmental impact assessment, improvement in speed and maneuverability as for vessels is necessary. The development of the highly efficient propulsion system is required to prevent a global warming and air pollution. Generally, propeller propulsion system is applied to vessels as conventional propulsion system. However this system has a limit in speed of vessels, from the reasons of restrictions of hull structure and cavitations of propeller. Therefore, novel propulsion systems of vessels are developed variously. The electromagnetic propulsion system is one of them. In the past, an electromagnetic propulsion system using superconductivity is developed, which is called "YAMATO-1". An experimental voyage has performed at real ocean space. However a lot of hydrogen gas and chlorine gas have been generated by electrolysis of sea water. These have been caused by the heavy current of DC which was conducted to sea water. As results, electrode has corroded and sea pollution is caused. For applications of electromagnetic propulsion system, there are serious problems to be solved. In particular, it is important to suppress the electrolysis of sea water.
In this paper, the electromagnetic propulsion system using high frequency AC (HF-EMP system) and a power supply suitable for this system are proposed to solve the above problems. In first part of this paper, a principle of the proposed propulsion system is explained. In second part, various power supplies are tested and evaluated as a power supply suitable for this system. Finally, the proposed system is operated by optimal power supply, and it is proven that electrolysis is suppressed.
Electromagnetic Propulsion System Using High
Frequency AC
Principle of Propulsion
An electromagnetic propulsion system has the following advantages compared with a propeller propulsion system. 1. The undesired sounds, vibrations and damages are suppressed, because there are not propellers and axis of them. 2. The hull shapes can be designed flexibly, because axis of propellers and large diesel engine are unnecessary. 3. The lubricating oil does not leak overboard and sea water does not flooded inboard, because there is not a shaft bearing of stern tube.
Development of Power Supply Suitable for Electromagnetic Propulsion System
Using High Frequency AC* Sachio KUBOTA, Yoshihiro SHIMAOKA** This paper presents an electromagnetic propulsion system using high frequency AC (Alternating Current), and power supply suitable for this system. It is known that poisonous gases are generated by electrolysis when DC (Direct Current) flows through sea water. The electrodes are also corroded. The electrolyte is generated even if low frequency AC, such as commercial frequency, flows through sea water. Therefore, it has been proven that generation of electrolytes is suppressed when a high frequency AC is applied to this system. However, gases are generated by electrolysis when DC component is contained in high frequency AC.
In this paper, the characteristics of various power supplies are evaluated. In particular, four kinds of inverter, namely full bridge high frequency inverter, SEPP (Single Ended Push Pull) high frequency inverter, series resonant load and parallel resonant load inverters were compared and evaluated. Finally, a power supply suitable for an electromagnetic propulsion system is proposed.
-2-4. The vessels can rapidly navigate ahead or astern by controlling the directions of a magnetic field or current in sea water. 5. Velocity of vessels is easily controllable by adjusting the current which is flowing to sea water or an excitation coil. 6. If side-thrusters are displaced to this propulsion system, vessels are turned to port or starboard easily and quickly. Accordingly, maneuverability is improved greatly. 7. If the vessels are equipped with this propulsion system downward, it can be used as anti-rolling system or anti-pitching system.
From the above viewpoints, it is expected that an electromagnetic propulsion ship is put into practical use as high speed vessel. Fig. 1 shows the principle of the propulsion about superconducting electromagnetic propulsion ship as "YAMATO-1". As shown in this figure, DC power supply is applied to the magnetization system. A magnetic field is generated with a superconductive coil. In order to generate an electromagnetic force, it is required that each direction of electric field and a magnetic field is crossed. Therefore the electrodes are placed crossing a magnetization system. Because this system is premised on utilizing superconductivity, the circuits for magnetization and electrodes are different circuit. A conducting loss is very low when superconductive coil is utilized to this system. Consequently, it is possible to generate a strong magnetic field because a heavy current flows to an excitation coil. However, practical utilization by this system is difficult unless electrolysis of sea water can be suppressed.
The principle of propulsion about HF-EMP system is shown in Fig. 2 . This propulsion system is constructed from the excitation coil and electrodes. An electromagnetic force is generated in accordance with Fleming's rule. Therefore thrust is obtained from water jet. The electrode and excitation coil are connected in series to high frequency power supply. The directions of a magnetic field and current are changed simultaneously. Accordingly, although a high frequency AC is applied to electromagnetic propulsion system, the thrust of vessels is always the constant direction. Figure 3 shows the components of the proposed HF-EMP system. In Fig. 3 , an excitation coil is wound around a core, and electrodes are connected in series to the coil, as shown in Fig. 2 . The HF-EMP unit of this system is a small propulsion unit for experimental evaluation. For the purpose of cost reduction, it is composed of two commercial ferrite cores. For that reason, there are two gaps in sea water. In this figure, a duct section in sea water is one side, and another side is a gap in sea water. It is ideal to replace this gap with a ferrite core, to generate a strong magnetic field. A thrust is generated at the duct between electrodes, and the sea water within the duct is jetted.
Component of System

Power Supply for HF-EMP system 3.1 Circuit description
The proposed HF-EMP system is magnetized by high frequency AC, and high frequency AC is conducted to sea water. For that reason, a high frequency power supply is required to the power supply for this system. In this system, a high frequency inverter is applied as the power supply. There are inverters of various manners. In this chapter, the inverter suitable for this system is examined and evaluated. In particular, it is discussed whether electrolysis of sea water is suppressed by high frequency AC. First, the output characteristics of full bridge inverter and SEPP (Single Ended Push Pull) inverter are estimated. Next, the output characteristics of the inverters with series resonance and the inverters with parallel resonance are evaluated.
Figure 4-7 show the inverters used for the experimental evaluation, respectively. Fig. 4 shows the full bridge inverter with series resonance. Fig. 5 shows the SEPP inverter with series resonance. Similarly, Fig. 6 and Fig. 7 show the full bridge inverter and the SEPP inverter with parallel resonance, respectively. The electromagnetic propulsion unit is expressed by an inductance L o and a resistance R o as an equivalent circuit. They are enclosed with the dashed line in these figures. In these inverters, an inductance L d is connected in order to perform ZCS (Zero Current Switching) certainly. Each switching current is not changed rapidly and is gradually changed by the function of this inductance. For example, in the full bridge inverters as shown in Fig. 4 and Fig. 6 , when switches as S 1 and S 2 are triggered and turned on, the current i 1 (=i 2 ) of switch S 1 (S 2 ) is increased gradually from zero and the current i 3 (=i 4 ) of diode D 3 (D 4 ) is decreased gradually to zero at the same time. Similarly, in SEPP inverter as shown in Fig. 5 and Fig. 7 , each current i 1 of switch S 1 is increased gradually from zero, and each current i 2 of diode D 2 is decreased gradually to zero at the same time. This phenomenon is called an overlapping commutation, and ZCS using this phenomenon is called as an overlapping commutation ZCS. As for each inverter, all switches are switched with an overlapping commutation ZCS as soft switching. Accordingly, a spike voltage and a surge current are suppressed, and a stable operation is realized.
The circuit parameters L o and R o are decided by measurement as shown in Fig. 8. From Fig. 8 , it is indicated that inductance L o is almost constant even if an operating frequency is changed, and that resistance R o is influenced by an operating frequency. When DC or low frequency AC such as commercial frequency flows through sea water, it has been already proven that poisonous gas is generated by electrolysis of sea water. [1] In the following discussion, an operating frequency is set to 15[kHz] as enough higher than commercial frequency. Fig. 9 Fig. 9 , a switching current becomes very high when inductance ratio is low. However, the maximum value of i sw * is nearly 1 even if an inductance ratio is set high. In other words, maximum switching current is almost the same as maximum load current. In this case, a circuit becomes large because inductance L s also becomes large. There is little influence on switching voltage when inductance ratio is higher than 0.3. For the purpose of the miniaturization, L s is set up with 0.3 times of L o .
Comparison of Full Bridge Inverter and SEPP Inverter
First, the characteristics of a full bridge inverter and a SEPP inverter are estimated. The specification of each inverter for estimation is indicated in Table 1 . Figure 10 shows the simulated waveforms of each inverter as shown in Fig. 4-7 . As for the load current i o of each inverter, the amplitude between maximum value and minimum value is set to 20[A] which is enough value in order to verify the suppressing rate of electrolysis. When each output power is same power, a double input voltage is required to a SEPP inverter compared with a full bridge inverter. For that reason, switching stress of SEPP inverter is higher than that of full bridge inverter. In Fig. 10 , it is indicated that each switching voltage (v S1 , v S2 ) of the SEPP inverters, such as Fig. 10(c) and Fig. 10(d) , is higher than that (v S1 , v S3 ) of full bridge inverters, such as Fig. 10(a) and Fig. 10(b) . Moreover, in a parallel resonant SEPP inverter as shown in Fig. 10(d) , it is indicated that DC component is contained in load current i o . This phenomenon is caused by capacitance C p . This capacitance behaves like DC power supply when the switch S 1 is turned off. Moreover DC component is not removed because capacitance is not connected in series to the load. Each load current of other inverters is a symmetrical AC. In Fig. 10(d 
Ro Lo 11[A] DC. Electrolysis of sea water is generated by this DC component even if high frequency AC is utilized. From the above viewpoints, a full bridge inverter is suitable for power supply applied to HF-EMP system, compared with SEPP inverter.
Comparison of Series Resonant Load and Parallel Load
The characteristics of a series resonant inverter and a parallel resonant inverter are estimated as well as the foregoing paragraph. It is illustrated that the output current i o and output voltage v o of parallel resonance, shown in Fig.   10(b) and Fig. 10(d) , are sinusoidal wave AC. As for series resonance, they are sinusoidal wave with distortion. When a series resonant inverter is operated near the resonant frequency, those waveforms become a quasi-sinusoidal wave as shown in Fig. 10(a) and Fig. 10(c) . In Fig. 10(b) and Fig. 10(d) , each switching current, such as i 1 and i 3 (i 2 ), is higher than the load current i o . In parallel resonance, a switching current is suppressed when L s is designed with large value as mentioned in Fig. 9 . However a weight of circuit becomes heavy. From the above mentions, it is suggested that series resonance and parallel resonance have advantages and disadvantages, respectively.
Consequently, when a full bridge inverter is utilized, both series resonance and parallel resonance is available to the load section.
Experimental Results
To verify the characteristics observed in the simulation results of each inverter, experimental tests have been conducted. An evaluation criterion is generation rate of electrolysis. Fig. 11-14 show the experimental waveforms in comparison with the simulated results. In Fig. 11-14 , in the comparison between experimental and simulated results, there are some errors caused with the assumption that all switches are ideal and that a stray inductance and leakage inductance are disregarded. However these errors are small and the tendency of the both values shows good agreement.
In Fig. 11-13 , the load current of each inverter is set up to same value as shown in Fig. 10 . As for the parallel resonant SEPP inverter, DC component is contained in the load current i o as shown in Fig. 14 . The value of this DC current is approximately 6[A]. Consequently, gases have been generated immediately after current flows to sea water. For that reason, the load current is limited within 2[A] with effective value, to suppress the generating gases. Fig. 15 shows the discoloration of sea water by electrolysis. Before sea water is electrolyzed, it is transparent and colorless as shown in Fig. 15(a) . After sea water was electrolyzed, it was discolored and became brown as shown in Fig. 15(b) . From this figure, it is proven that electrolysis is dangerous and that sea water is polluted. On the other hand, DC component is not contained in each load current as shown in Fig. 11-13 . Therefore the generating of gas has not been observed when an HF-EMP system is operated by three kinds of inverters except the parallel resonant SEPP inverter. As the experimental results, it is proven that electrolysis of sea water has been suppressed. Fig. 16 shows the generating state of electromagnetic force. Paints are filled in duct to make a water jet visible. The series resonant full bridge inverter is applied to power supply. In this figure, it is shown that the colored sea water is jetted from duct at constant direction. Moreover gases are not generated because DC component is not contained in the load current. Consequently, it is the requirements of circuit design that DC component is not contained in the output current and voltage. From the above experimental results, it is suggested that a symmetrical full bridge inverter is suitable for power supply for the proposed HF-EMP system.
Conclusion
This paper has discussed the power supply for the proposed electromagnetic propulsion system using high frequency AC. In particular, the characteristics of four kinds of inverter have been evaluated based on experiment. The evaluation criterion is a generation rate of electrolysis.
As the results of experimental test, it has been proven that electrolysis of sea water is generated when the parallel resonant SEPP inverter is applied to power supply for HF-EMP system. In other words, when DC component is contained in the high frequency AC, it is proven that poisonous gases are generated even if an operating frequency is high frequency.
In conclusion, it is suggested that a symmetrical full bridge inverter is suitable for power supply of HF-EMP system. Especially, the series resonant full bridge inverter is suitable for HF-EMP system when it is operated near the resonant frequency. 
